The electrical conductance and principal structural and mechanical properties of gold nanowires, exhibiting reversibility in elongation-compression cycles at ambient conditions, were investigated using pin-plate experiments and molecular dynamics simulations. Underlying the reversible nature of the nanowires are their crystalline ordered structure and their atomistic structural transformation mechanisms, involving stages of stress accumulation and stress relief occurring through multiple-glide processes and characterized by a high critical yield stress value. [S0031-9007(96) PACS numbers: 73.40.Jn, 73.20.Dx, 85.Ux Junctions are materials structures which form upon bringing bodies into proximal interaction, during the separation of contacting bodies, in the process of extension (e.g., pulling) of a material system, or in the course of growth (e.g., fabrication of thin film junctions). Past, as well as intensifying current, investigations of junctions have been motivated by the ubiquity of circumstances in which they may be formed; either naturally in the course of a physical process (as in the case of materials interfaces in relative motion with respect to each other where the frictional resistance to shear has been attributed [1] to the formation of interfacial junctions, or as the source of interfacial adhesive action) or intentionally (e.g., controlled generation of wires via the extension of materials contacts, as in the case of surface manipulations using tipbased methods [2-8], a break-junction technique [9] , or by separation of wires in contact [10] ). Moreover, recent theoretical predictions [2, 11] and subsequent experimental observations [2-10] have revealed remarkable properties of such junctions, particularly three-dimensional nanometer scale wires, which are of fundamental as well as of potential technological interest in the areas of miniaturization and very large scale assembly and integration of electronic devices. These findings include the following: structural characteristics (i.e., crystallinity) [2]; mechanical response [2, 5, 7, 8] , characterized by ideal critical yield stress values, with elongation occurring through a sequence of plastic stress accumulation and relief stages associated with ordered and disordered atomic configuration of the wires, and portrayed in oscillatory behavior of the pulling force; electronic transport [3, 4, 6, [8] [9] [10] , exhibiting room temperature conductance quantization as well as possible transition to a localization regime in sufficiently long wires [4] ; and predictions of magnetotransport effects [12] , including magnetic switching and magnetic blockade [13] , occurring through the shifting of electronic energy levels in nanowires by an applied longitudinal magnetic field.
Reversible Manipulations of Room Temperature Mechanical and Quantum Transport Properties in Nanowire Junctions
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In this paper we investigate experimentally and theoretically the ability to mechanically manipulate and control the quantum conductance in gold nanowires at room temperature. In particular, we demonstrate, using pin-plate equipment and molecular dynamics simulations [1(b) and (c)], that variations in the quantum ballistic electronic transport in such wires are correlated with the nature of the mechanical response of the wires, and that such variations can be manipulated in a reversible manner in cycles of extension and compression of the wire. The trace in Fig. 1 , obtained through the use of the experimental setup shown schematically in Fig. 2 , displays the conductance of a wire (corresponding to a resistance variation spanning ϳ0.2 1.0 kV), measured during an extensioncompression cycle of the contact between a gold pin and a gold surface. The conductance of a nanowire which was allowed to extend until breaking (see inset to (111)] is controlled coarsely by a micrometer screw attached to an optical translation stage (the cable connecting to the tip is clamped to the translation stage). Nanometer scale tip displacements are likely caused by vibrations of the tip with respect to the surface. The digital oscilloscope (LeCroy 9304M) records the change in voltage across its internal resistance, caused by the change in current across the surface due to conduction through the nanowire to the grounded tip. The conductance is calculated from the data as G ͑V applied ͞V measured 2 1͒͞R s where in our case the series resistance R s 370V and V applied 55 mV.
corresponding to a small number of conducting channels in the ultimate stages of elongation of a wire and confirming room-temperature quantization of ballistic electronic transport through such wires. The conductance of the wire during the mechanical extension-compression cycle exhibits remarkable reversibility over 19 distinct plateaus, as well as uniformity in the time length of the plateaus and in the magnitudes of the step rises (ϳ4g 0 , with a tendency toward smaller values when the nanowire is longer, i.e., closer to the middle of the cycle). Additionally, small slopes of the plateaus are observed, occurring in opposite senses about the middle of the cycle. It is of interest to remark that somewhat similar results were reported for much thicker Pb junctions at 4.2 K in ultrahigh vacuum [5(b) ], and under the same conditions for thicker Au junctions, using a combined scanning force and tunneling microscope [5(c)], showing shorter cycles and larger step rises (3 conductance steps, with step rises of the order of ϳ10g 0 ), and were discussed in the context of the results of earlier [2] molecular dynamics (MD) simulations.
Insights into the nature of the atomistic processes underlying the above observations are provided through large-scale MD simulations. In these simulations a crystalline gold wire oriented with the (111) direction parallel to the axis of the wire and containing 3273 atoms [1600 atoms treated dynamically and equilibrated initially as a 16-layer wire with the remaining atoms comprising Au(111) static substrates of 2 layers each, supporting the top and bottom of the wire] was modeled via the many-body embedded-atom potentials [14] . The wire was elongated by ϳ12 Å [the spacing between adjacent (111) planes is 2.35 Å] and subsequently compressed by the same amount at a rate of 2 m͞s (ϳ6 3 10 24 of the longitudinal speed of sound in gold) under isothermal conditions at T 300 K. Figure 3 (a) depicts the pulling force (i.e., the force on the holder substrates at the top and bottom of the wire), and Fig. 3(b) shows the second invariant of the deviatory stress tensor, J 2 , which is proportional to the stored elastic energy available for shear deformation [2, 15] . In Fig. 3(c) we display the conductance of the nanowire calculated from a semiclassical modification of Sharwin's expression [16] . Sideviews of atomic configurations with short-time trajectories recorded at selected stages during the elongation [4(a)-4(c)], and compression [4(a′)-4(c′)] are shown in Fig. 4 .
Underlying the oscillatory sawtooth pattern of the forces in Fig. 3(a) and the corresponding behavior of J 2 is the atomistic mechanism of the elongation and compression of the wire. These processes occur via a succession of alternating stress accumulation and relief stages (concentrating at a narrow section of the wire), during which the wire undergoes plastic structural transformations Fig. 3 , corresponding to transformation of the Au nanowire from 18 to 19 layers during pulling and the reverse during compression. Frames (a) and (c) and (a′) and (c′) correspond to before and after configurations, i.e., (a) and (c′) correspond to a nanowire with 18 layers and (c) and (a′) to 19 layers; included also are top cross-sectional views of the narrowmost region of the wire. Frames (b) and ( b′) correspond to the fast structural transformation stages exhibiting multiple-glide processes (glide directions denoted by arrows); to indicate the atomic motions during the transformations, lines are drawn connecting the positions of atoms at the beginning and end of a 60 ps time interval. In each frame the two atomic layers at top and bottom correspond to the Au substrates supporting the wire.
planes [Figs. 4(b) and 4(b′) ], leading to elongation and narrowing [Figs. 4(a)-4(c)or shortening and thickening  [Figs. 4(a′)-4(c′) ], of the nanowire. As seen from Fig. 3 [e.g., Fig. 3(a) ], the mechanical and transport characteristic of the wire during elongation and compression are "phase shifted" with respect to each other. This effect, which has been observed experimentally [5] , is due to the change from tensile to compressive stress upon reversal of the process from elongation to compression, respectively. Accompanying these processes are variations in the cross-sectional areas and shapes of the wire; note that the interaction of the glide planes with the periphery of the wire can cause areal and shape changes even in locations other than the neck region, which in some circumstances can lead to a double-neck structure; when the two constrictions are well separated from each other, the total resistance is that due to two constrictions in series resulting in conductance values which may take fractional values of g 0 . Additionally, for sufficiently thin wires successive narrowings are localized at the narrowmost neck (typically for wire diameters less than ϳ20 Å, depending on the ratio of the neck radius to the global axial radius of curvature of the wire), while for thicker ones, i.e., at the earlier stages of pulling, narrowings may occur occasionally at thicker regions, leaving the area and shape of the narrowest constriction essentially unaltered. Since the conductance of the wire is determined mainly by the dimensions and shape of the narrowest constriction (i.e., the number of conducting channels is given by the number of transverse electronic states at this region), such occurrences can lead to the development of extended plateaus in the conductance measured versus the extent of elongation [1(c)].
It should also be remarked that the force per unit area in the neck region of the wire, obtained from the simulated force or stress records, displays the same general behavior as the overall force [ Fig. 3(a) ] and exhibits critical uniaxial stress values of 5 to 6 GPa, which, when resolved along the glide directions, yield critical resolved shear stress values of ϳ4 GPa. This value, which is over an order of magnitude larger than that of bulk gold [17] , is in approximate agreement with the average value of J 2 for the neck region [ Fig. 3(b) ] and is comparable to the theoretical value for Au (1.5 GPa) in the absence of dislocations [17] , as well as being close to our earlier theoretical predictions [2(a)] which were confirmed by experiments [5(c),18]. The mechanical "ideal" nature of the nanowires, which can be related to their characteristic small dimensions and the inability to support dislocation sources (e.g., Frank-Read sources [19] ), are correlated with the observed reversibility of their properties [20] . We remark here that similar stress accumulation and relief mechanisms and atomic structural rearrangement processes, including multiple glide, occur during both extension and compression of the wire [see Figs. 3(a) and 3(b) and 4(b) and 4(b′)]; it should be noted that while we observe overall mechanical and structural reversibility, certain variations in atomic positions occur for equivalent (in length) configurations of the nanowire [compare Figs. 4(a) and 4(c′) ].
The calculated [16] conductance [ Fig. 3(c) ] portrays the structural variations in the nanowire, and each of the step rises correlates directly with the signatures of the structural transformations [compare Fig. 3(c) with 3(a)  and 3(b) ]. Furthermore, the variation of the uniaxial strain during the stress accumulation intervals (between yield, i.e., transformation, stages) is accompanied by continuous contractions and expansions of the wire's cross-sectional areas for the elongation and compression cycles, respectively. This is reflected in the slopes of the conductance plateaus, in both the calculations [ Fig. 3(c) ] and the experimental (Fig. 1) results.
The direct correlation between the measurements and the atomistic mechanisms obtained via MD simulations provides significant insights pertaining to the mechanical response and electrical transport properties of nanowires. The demonstrated ability to reversibly manipulate these properties at room temperature using common instrumentation opens exciting avenues for further investigations and potential applications, such as switching [13, 21] ; of course, to make such applications practical, issues pertaining to operational speed, stability, lifetime, and control of individual junctions must be addressed.
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